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ABSTRACT 

Embryonic stem cells (ESCs) exhibit a unique cell 
cycle with a shortened Gi phase that supports 
their pluripotency, while apparently buffering them 
against pro-differentiation stimuli. In ESCs, expres- 
sion of replication-dependent histones is a main 
component of this abbreviated Gi phase, although 
the details of this mechanism are not well under- 
stood. Similarly, the role of 3' end processing in 
regulation of ESC pluripotency and cell cycle is 
poorly understood. To better understand these pro- 
cesses, we examined mouse ESCs that lack the 3' 
end-processing factor CstF-64. These ESCs display 
slower growth, loss of pluripotency and a lengthened 
Gi phase, correlating with increased polyadenyla- 
tion of histone mRNAs. Interestingly, these ESCs 
also express the t CstF-64 paralog of CstF-64. How- 
ever, T CstF-64 only partially compensates for lost 
CstF-64 function, despite being recruited to the hi- 
stone mRNA 3' end-processing complex. Reduction 
of T CstF-64 in CstF-64-def icient ESCs results in even 
greater levels of histone mRNA polyadenylation, sug- 
gesting that both CstF-64 and t CstF-64 function to 
inhibit polyadenylation of histone mRNAs. These re- 
sults suggest that CstF-64 plays a key role in mod- 
ulating the cell cycle in ESCs while simultaneously 
controlling histone mRNA 3' end processing. 

INTRODUCTION 

Although embryonic stem cells (ESCs) are defined by their 
pluripotent and self-renewal properties, little is known 
about how they control their cell cycle. The ESC cell cy- 
cle is abbreviated, with a shortened Gi phase and a high 



proportion of cells in S phase. The abbreviated Gi phase 
is thought to protect ESCs from pro-differentiation signals 
that disrupt the stem cell state, suggesting that pluripotency 
and self-renewal are intimately linked to the cell cycle (1-5). 
However, unlike somatic cells, ESCs do not display the typi- 
cal growth factor-dependent restriction (R) point and func- 
tional Rb-E2F pathways that ensures competency for DNA 
replication in Gi phase. Instead, synthesis of replication- 
dependent histones controls the Gi/S phase transition in 
ESCs by a mechanism that is not yet understood (4,6-9). 

Replication-dependent histone mRNAs, unlike most eu- 
karyotic mRNAs, are not usually processed with a 3' 
poly(A) tail. Instead, the majority of these transcripts end 
in a conserved stem loop that allows for their precise cell 
cycle regulation ( 10,11), although in growing cells, some hi- 
stone mRNAs end in poly(A) tails (12,13). Histone mRNA 
3' end processing is carried out by a subset of specialized 
ribonucleoproteins that recognize specific elements on the 
nascent histone mRNA. A unique U7 small ribonucleopro- 
tein (U7 snRNP) complex base pairs with a purine-rich hi- 
stone mRNA downstream element (HDE). The U7 snRNP 
recruits FLICE-associated huge protein, FLASH (14) and 
other proteins, including many that have overlapping roles 
in polyadenylation: CPSF-73 and CPSF-100, CPSF-160, 
CFIm68, symplekin and Fipl (15-18). 

Recently, it was discovered that CstF-64 was also part of 
the replication-dependent histone mRNA 3' end-processing 
complex (15,18,19). CstF-64 (gene symbol Cstj2) is the 
RNA-binding component of the cleavage stimulation factor 
that is required for mRNA polyadenylation (20). A paralog 
of CstF-64, T CstF-64 (gene symbol Cstf2t) is expressed in 
testis and brain (21-24) and is required for spermatogene- 
sis (25-27). Expression of CstF-64 increases in embryonic 
stem cells and in the reprogramming of somatic cells into 
induced pluripotent stem (iPS) cells relative to somatic cells 
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(28,29). However, the role of CstF-64 in the cell cycle and in 
pluripotent stem cells remains unknown. 

To study the multiple roles of CstF-64, we examined a 
mouse embryonic stem cell line in which Cstf2, the gene 
encoding CstF-64, was disrupted by a gene-trap insertion 
element. Unexpectedly, the CstJ2 knockout ESCs contin- 
ued to grow, albeit more slowly and while showing char- 
acteristics of differentiation, t CstF-64 expression increased 
in the CstJ2 knockout cells. This implied that t CstF-64 
partially compensates for CstF-64. High-throughput RNA- 
sequencing revealed that many replication-dependent his- 
tone mRN As became polyadenylated in the Cstf2 knockout 
ESCs cells, suggesting that CstF-64 plays a role in normal 
3' end processing of histone mRNAs. Here we show that 
CstF-64 is a component of the replication-dependent his- 
tone mRNA 3' end-processing complex in ESCs and that 
T CstF-64 is recruited to the histone mRNA processing com- 
plex only in the absence of CstF-64. Also in its absence, 
replication-dependent histone mRNAs are polyadenylated 
to a greater extent. Our results support a model in which 
CstF-64 controls both the cell cycle and histone mRNA 3' 
end processing in stem cells, together resulting in altered 
pluripotency of these cells. 

MATERIALS AND METHODS 

Cell culture 

Cstf2G<(IST10905E6)Tign, ^^d c^(/2G'asri2000G6;r,g,„ lines 

were obtained from Texas A&M Institute for Genomic 
Medicine (TIGM) and derived from mouse C57BL/6N- 
derived Lex3.13 ESC lines in which a gene-trap cas- 
sette (30) was inserted between the first and second ex- 
ons (Cstf2^'"^™'^"'^^^>^'s"') or the third and fourth exons 
{Cstf2^'"^'^'^°°^^>^'s"'). Cells were grown as described (31). 

Mouse embryonic stem cells (ESCs) were maintained on 
0.1% gelatin-coated 10 cm dishes without feeder cells in Em- 
bryo Max Dulbecco's modified Eagle s medium (DMEM) 
(Millipore) supplemented with 15% ESC-quahfied fe- 
tal bovine serum (Hyclone/Thermo), 2 mM L-glutamine 
(Gibco), 0.1 mM -mercaptoethanol (Sigma), 0.1 mM MEM 
non-essential amino acid stock (Gibco) and 10 ng/mL hu- 
man leukemia inhibitory factor (LIE, inVitria). ESCs were 
grown at 37°C in a humidified incubator in 5% CO2 and 
passaged every 2 days (~70-80% confluency) as described 
(31). For the generation of the cell proHferation curves, cells 
were plated in triplicate in 24-well plates at 16 000 cells/well. 
Cell counts and viability were measured daily using a TC- 
10 automated cell counter (BioRad). Synchronization of 
mESCs was adapted from Kapur et al. (32). Briefly, mESCs 
were plated in 6-well dishes for 24 h, followed by treatment 
with 100 ng/ml Nocodazole (Sigma) for 12 h, followed by 
release in complete media. 

RNA extraction 

RNA was extracted from ESCs using the Qiagen RNAeasy 
Kit following the manufacturer's instructions. Genomic 
DNA was eliminated using gDNA spin columns provided 
in the Qiagen RNAeasy kit. Quality of the RNA was as- 
sessed on a 1% agarose gel stained with ethidium bromide 



(0.5 |xg/ml). The quantity of RNA was determined using 
NanoDrop device. 

Real-time PCR 

Complementary DNA was prepared from total mouse ESC 
RNA by reverse transcription with Super Script II RT 
(Life Technologies) following the protocol recommended 
by the manufacturer. For real-time polymerase chain reac- 
tion (RT-PCR), 20 ng of cDNA was amplified in triplicates 
using Power SYBR Green PCR Master Mix (Invitrogen). 
Polymerase chain reaction program consisted of 95° C for 
10 min, 40 X cycles of 95°C for 15 s followed by 55°C for 
1 min. The ribosomal protein S2 (Rps2) served as a load- 
ing control and reference gene. Relative expression was cal- 
culated using the comparative Ct method (33). Ct was de- 
rived by normalizing the sample mean cycle threshold (Ct) 
with its respective control Rps2 Ct. The normalized value 
was subtracted from the control sample to derive the Ct. Ct 
values were then calculated using the formula 2^^^'*^". The 
presence of gDNA was tested by using -RT controls which 
had a Ct value > 33 cycles. Primers used in this study are 
listed in Supplemental Table S4. 

Alkaline phosphatase staining 

Wild type (WT) and Cstf2^^ mESCs were washed 2x with 
phosphate-buffered saline with Tween-20 (PBST), followed 
by fixation for 5 min at room temperature with fixation 
reagent (Stemgent). After fixation, cells were stained with 
alkaline phosphatase (Stemgent) for 15 min at room tem- 
perature, then immediately photographed. WT cells cul- 
tured without LIE for 96 h were used as negative control. 

Cell cycle analysis 

WT and Cstf2^^ mESCs were prepared for staining by 
washing with warm Dulbecco's Phosphate-buffered Saline 
(DPBS) and detached using Accumax (Millipore). Cells 
were pelleted at 400 x g and washed with DPBS supple- 
mented with 0.01% fetal bovine serum (FBS) followed by 
overnight fixation with 70% ethanol. Following fixation, 
cells were treated with 40 |JLg/ml RNase A (Thermo) for 
30 min at 37°C and stained with 80 |xg/ml propidium io- 
dide (Life Technologies) for 1 h at 4°C. Stained cells were 
analyzed using a BD LSRII flow cytometer and cell cycle 
distribution was calculated using FlowJo software. 

Transfection 

siRNA knockdown. To knockdown CstF-64 and t CstF-64 
in WT and Cstf2^^ cells, 125 pmol of predesigned siRNA 
(Origene) was transfected using Lipofectamine 2000 (Life 
Technologies) following the manufacturer's instructions. 
Knockdown efficiencies were analyzed using western blot. 
RNA and protein samples were taken after 72 h of transfec- 
tion. 

CstF-64 overexpression. To express a 3 x FLAG-tagged 
version of CstF-64, we prepared a custom expression vec- 
tor on a pcDNA 3.1 backbone, in which we replaced the cy- 
tomegalovirus (CMV) promoter with a human elongation 
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factor la promoter. The resulting expression plasmid was 
transfected into mouse embryonic stem and the Cstfl^^ cells 
using the Xfect reagent (Clontech) following the manufac- 
turer's instructions. Protein and RNA samples were taken 
48 h after transfection. 

Western blots 

For western blots, protein extracts were prepared by wash- 
ing and detaching ESCs as previously mentioned. Protein 
was extracted using RIPA buffer (50 mM Tris-HCl pH:8.8, 
150 mM NaCl, 0.1% sodium dodecyl sulphate (SDS), 
0.5% deoxycholate and 0.5% NP-40) and the concentra- 
tions quantified using the BCA Protein Assay kit (Thermo). 
Protein were resolved on 10% SDS-polyacrylamide gels 
and transferred to polyvinylidene difluoride (PVDF) (Milli- 
pore) for immunoblot detection. Primary antibodies for all 
the polyadenylation proteins were purchased from Bethyl 
Laboratories (Montgomery, TX) with the exception of 
CstF-64 (3A7) and TCstF-64 (6A9), which were used as de- 
scribed (21). Other antibodies used were rabbit polyclonal 
anti-FLASH (Millipore), anti-SLBP (Cell SignaHng), anti- 
Histone H2B (Cell Signaling), anti-Cychn A (Santa Cruz), 
anti-CDK2 (Cell Signaling) and anti-Histone H3 (Cell Sig- 
naHng); and mouse monoclonal anti-Cyclin Bl (Millipore), 
anti-Histone H4 (Cell Signaling), anti-CDK4 (Cell Signal- 
ing) and anti-FLAG (Sigma). 

U7 snRNP puU down 

U7 snRNP pull down was performed with 10 |xg of nuclear 
extract and streptavidin magnetic beads (Millipore). Briefly, 
streptavidin beads were washed with 2x B/W buffer (10 
mM Tris-HCl (pH 7.5), 1 mM EDTA, 2 M NaCl, 0.1% 
Tween 20), followed by blocking with 0.20 mg/ml BSA 
(Thermo) and 0.25 mg/ml yeast tRNA (Thermo). Blocked 
streptavidin beads were then used to immobilize 1 |xg RNA 
oligonucleotide either specific for U7 snRNA (anti-U7) or 
non-specific (anti-Mock) for 1 h at RT with gentle mixing. 
Nuclear extracts were then incubated with immobilized 
streptavidin beads/RNA oligonucleotide in Buffer D 
and 20 mM EDTA for 1 h at 4°C with gentle mixing. 
Following incubation, streptavidin magnetic beads were 
washed three times with Buffer D containing 20 mM 
EDTA, eluted in sodium dodecylsulphate-polyacrylamide 
gel electrophoresis (SDS-PAGE) sample buffer at 90°C for 
5 min and resolved by SDS-PAGE. The associated proteins 
with the RNA substrate were identified using western blot. 
The anti-U7 and anti-mock RNA oHgonucleotides were 
synthesized by Thermo and had the following sequences: 
Anti-U7 5'-mAmAmAmGmAmGmCmUmGmUmA 
mAmCmAmCmUmU(18S)(18S)(biotin)-3'; anti-Mock 
5'-mCmGmAmGmCmUmCmGmAmUmUmCmGmC 
mC(18S)(18S)(biotin)-3'. Note that in these sequences, 
'(18S)' represents an 18-atom spacer and 'm' represents the 
2'-C>-methyl group. 

Immunoprecipitation and northern blot 

Immunoprecipitadon. mESCs were lysed on ice for 30 min 
in RIP buff"er (150 mM KCl, 25 mM Tris pH 7.4, 5mM 



EDTA, 0.5mM DTT, 0.5% NP-40). Protein lysates were 
then incubated overnight at 4°C with protein A/G magnetic 
beads (Thermo) coupled to CstF-64 (3A7) monoclonal 
antibody following manufacturer's instructions. Magnetic 
beads were washed three times with RIP buffer, followed 
by SDS-PAGE or RNA extraction with Trizol (Life Tech- 
nologies) following manufacturer's instructions. 

Northern blot. 2 |jLg of RNA obtained after IP with 3A7 
antibody (21) was run on a 6% urea-poly-acrylamide gel, 
followed by electrophoretic semi-dry transfer to Nytran ny- 
lon membrane (GE). Membrane was UV crosslinked fol- 
lowed by pre-hybridization with ULTRAhyb at 68°C for 1 
h. U7 snRNA specific or H3 [a-^^pju jp radiolabeled ribo- 
probes were hybridized overnight at 68°C. The next day 
the membrane was washed two times for 5 min in 2x SSC 
and two times for 15 min in 0.1 x SSC at 68°C. PCR prod- 
ucts corresponding to the U7 snRNA and HistlhSc mRNA 
were used to produce the radiolabeled ribo-probes using the 
MAXIscript kit (Life Technologies) with [a-^^pjujp 

RNA-sequencing 

Four micrograms of total RNA was used in the preparation 
of RN A-seq libraries using Illumina's TruSeq RNA Sample 
Preparation Kits v2 (Illumina Inc.) as recommended. The H- 
braries represent the polyadenylated RNA fraction. RNA- 
seq libraries were sequenced on HiSeq 2000 platform with 
90-nucleotide coverage of each end (PE90). Over 41 million 
individual sequences from each library were collected with 
a Q20% larger than 97% (Supplementary Table S5). RNA- 
seq was performed on two independent biological replicates 
from wild type mouse ESCs and the Cstfl^'' cells. The reads 
obtained from each biological replicate were independently 
aligned on the mouse reference genome (Mouse Genome 
v37.2, MGSCv37, mm9) using the SeqMan NGen software 
(DNASTAR Inc., Madison, WI, USA). The assembly files 
produced by SeqMan NGen were used to determine the 
differentially expressed genes (2-fold change) using the Ar- 
rayStar package (DNASTAR Inc). The P-values shown are 
adjusted P-values using Benjamini and Hochberg false dis- 
covery rate correction. 

A-seq 

A-seq was performed as described (34). Briefly, 40 |xg of 
total RNA was used to isolate the poly(A)"^ fraction us- 
ing the Dynabeads mRNA direct Kit (Life Technologies). 
Poly(A)-selected RNA was partially digested with three 
different concentration of RNase I (Ambion), re-selected 
for poly(A) and the 5' ends were phosphorylated on the 
Dynabeads. Subsequently, RNAs were eluted and 3' ends 
blocked using cordycepin 5'-triphosphate (Sigma) and Es- 
cherichia coli poly(A) polymerase (New England Biolabs). 
Simultaneously, the RN As were treated with RQl RNase- 
Free DNase (Promega). After phenol-chloroform extrac- 
tion and ethanol precipitation, a 5' adapter (RA5, Illumina) 
was ligated. RNAs were reverse transcribed to a comple- 
mentary DNA using ^^P labeled primer. cDNAs were re- 
solved on 5% denaturing polyacrylamide gel and the cD- 
NAs between ~ 120-1 50 nt were isolated. PCR was per- 
formed with primers adapters similar to the TruSeq Small 
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RNA Sample Preparation Kit (Illumina). Resulting cDNA 
libraries representative for the formation of the 3' end of 
polyadenylated RNAs were sequenced on Illumina plat- 
form with 50-nucleotide coverage (SE50). The obtained 
reads were strand-specific and coincided with the sense 
strand of the mRNAs. The identical sequences were col- 
lapsed into one representative sequence. A-seq libraries 
were aligned on the mouse reference genome (Mouse 
Genome v37.2, MGSCv37, mm9) using the SeqMan NGen 
software (DNASTAR Inc.). The 3' end cleavage site of 
polyadenylated histone mRNAs was checked in the assem- 
bly file and the first nucleotide (usually an A) that did not 
align to the genome was recorded as a cleavage site. In the 
cases that there were As in the genome after the aligned 
non-A nucleotides, the cleavage site was considered to oc- 
cur after the A. For generation of Figure 3C, the reads cor- 
responding to the HistlhSc 3' UTR were aligned and ex- 
tracted from the A-seq libraries prepared from wild type 
ESCs and Cstf2^^ cells using local BLAST engine. The ex- 
tracted sequences (reads) were realigned in the Genome 
Browser. Subsequently, the corresponding annotated cus- 
tom tracks were created. 

RESULTS 

A mouse ESC line that does not express CstF-64 

To study the role of CstF-64 in mouse ESCs, we obtained 
two mouse C57BL/6N-derived Lex3.13 ESC lines in which 
a gene-trap cassette (30) was inserted between the first 
and second exons (Cstf2^'''^™'^"^'^'^>^'s"\ herein C^f/2^*) or 
the third and fourth exons (Cstfi^'"^^'^'"'"^^''^'^"', herein 
Cstf2^^) of Cstf2 (Figure lA). Because the Lex3.13 fine 
is male, only the single X-linked copy of Cstf2 needed to 
be inactivated (21). Western blot and quantitative RT-PCR 
(qRT-PCR) analyses revealed that both Cstf2'^^ and Cstf2^ 
displayed differential reduction of CstF-64 (Figure IB, C); 
CstF-64 protein was undetectable in the Cstf2^^ cell line, 
whereas the Cstf2'^ cell line displayed only diminished ex- 
pression (Figure IB). In addition, qRT-PCR analysis re- 
vealed that Cstf2 mRNA expression was reduced to 0.5% 
and 21% of wild type levels in the Cstf2'^^ and Cstf2^ cell 
lines, respectively (Figure IC). Because they appeared to be 
amorphic for CstF-64, we decided to perform our further 
experiments on the Cstf2^^ cells. We received both cell lines 
at passage 18 and have maintained Cstj2^^ for at least 60 
passages without morphological changes. 

T CstF-64 is expressed in wild type ESCs and increases in 
Cstf2'^^ ceUs 

We were surprised that the Cstf2^^ and Cstf2'^ cell lines 
grew so robustly with absent or reduced expression of CstF- 
64. Therefore, we asked whether the testis-expressed paralog 
of CstF-64, T CstF-64 was expressed in these cells. In mam- 
mahan spermatogenesis, t CstF-64 compensates for func- 
tions of CstF-64 (25), and might perform the same func- 
tions in ESCs. We found that t CstF-64 was expressed in 
wild type mouse ESCs and increased in the Cstf2^^ and 
Cstf2^ cells (Figure IB). We speculate that the increased 
expression of t CstF-64 is a compensatory mechanism that 
is activated when CstF-64 expression decreases (24,35,36). 



Loss of CstF-64 in mouse ESCs results in differentiation and 
decreased expression of markers for pluripotency 

Compared to wild type mouse ESCs (Figure 2A), the 
Cstf2^^ cells displayed a different phenotype that con- 
sisted of a flattened morphology and decreased propensity 
to grow in tightly packed clusters (Figure 2B). To assess 
whether these morphological differences were accompanied 
by changes in pluripotency markers, we stained wild type 
and Cstj2^^ ESCs with alkaline phosphatase, an enzyme 
that is not expressed in differentiated ESCs (37). Wild type 
ESCs displayed intense staining for alkaline phosphatase, 
while the Cstf2^^ cells displayed less staining, suggesting 
diminished pluripotency (Figure 2A, B). This reduction is 
similar to wild type ESCs grown in the absence of LIE for 
96 h displayed reduced staining (Figure 2C). 

To examine additional pluripotency markers, we mea- 
sured mRNA levels of four stem cell state regulatory genes, 
Pou5fl (Oct4), Klf4, Nanog and Left}2 (Figure 2D). Rel- 
ative to wild type ESCs, the Cstf2^^ cells had significantly 
decreased expression of Klf4, Nanog and Lefty2 mRNAs. 
PouSfl did not change significantly, however, suggesting 
that not all markers for pluripotency and self-renewal are 
affected to the same extent in Cstfl^^ cells. In addition, 
we analyzed the expression of differentiation markers T 
(Brachyury), Olig2 and Nkx6-3, representing the ectoderm, 
endoderm and mesoderm, respectively. Cstf2^^ cells dis- 
played increased expression of both Olig2 and Nkx6-3 mR- 
NAs, indicating increased differentiation to both ectoderm 
and endoderm lineages (Figure 2E). We observed little or 
no significant change in T. suggesting that loss of CstF-64 
may not promote differentiation to the mesoderm lineage. 



Cstf2^^ embryonic stem cells have altered cell cycle and de- 
creased proliferation 

ESCs have a short Gi phase that is thought to support the 
pluripotent state through inhibition of pro-differentiation 
signals. However, the proteins that regulate the cell cycle 
have not been identified. Previously, it was noted that CstF- 
64 expression changed as much as 5-fold between Go and 
S phase in mouse 3T6 fibroblasts (38). Similarly, reduction 
of CstF-64 to 5% of wild type levels in an avian cell line re- 
sulted in Gi arrest and apoptosis (39). This suggested that 
CstF-64 might be involved in cell cycle control. We noticed 
that Cstf2^^ ESCs grew noticeably slower in culture than 
wild type ESCs, with an exaggerated initial lag period be- 
fore reaching exponential growth leading to roughly 35% 
fewer cells at the end of the 5 -day cell proliferation assay 
(Figure 2F). To test whether the decrease in proliferation 
was accompanied by changes in the cell cycle, we performed 
flow cytometry. Wild type mouse ESCs displayed a short Gi 
phase and high proportion of cells in S phase (Figure 2G). 
In contrast, Cstf2^^ cells displayed a significant increase of 
cells in Gi phase and a decrease of cells in G2/M phase 
(Figure 2G). This suggests that the lack of CstF-64 in the 
Cstf2^^ cells affects both the Gi and G2/M phases, points 
that involve the histone cell cycle control pathway in ESCs 
(4,6,40-42). 
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Figure 1. Expression of CstF-64 and TCstF-64 in wild type and Cstf2 
gene-trap interrupted Cstfl^^ and Cstj7'^ mouse embryonic stem cells. 
(A) Schematic representation of insertion of the gene-trap |3-galactosidase- 
neomycin (Bgeo) fusion protein in the first (Cstfl^^) and third (Cstfl'^) 
introns of the Cstfl gene in the two respective ESC lines. The gene-trap 
consists of a splice acceptor (SA) site and polyadenylation (PA) signal. 
The lighter shade represents the open reading frame of CstJ2 mRNA. (B) 
Western blot analysis of CstF-64 and TCstF-64 expression in WT (lane 1), 
Cs{f2^^ (lane 2) and Cstfl'^^ ESCs (lane 3). (C) Relative mRNA expression 
analysis of Cstp and Cstpt mRNAs in the wild type, Cstfl^^ and Cstfl'^^ 
ESC lines. ** denotes P < 0.01 and *** denotes P < 0.001. 



Loss of CstF-64 results in increased expression of polyadeny- 
lated replication-dependent histone mRNAs 

To address the source of the cell cycle changes observed, 
we performed high-throughput RNA-sequencing on wild 
type and Cstf2^^ ESCs. Puzzlingly, neither the RNA-seq 
(Supplemental Table SI) nor western blotting (Supplemen- 
tal Figure SI) data revealed significant changes in the typi- 
cal Gi/S and G2/M phase regulators such as Ccndl, Ccnel, 
Ccnbl, Ccnal, Ccna2, Cdk2, Cdk4 and Cdk6. Gene on- 
tology (GO) determined that the most significant enriched 
processes for up-regulated genes included nucleosome as- 
sembly, chromatin assembly and protein-DNA complex 



assembly (Table 1). We also found an increase in the 
polyadenylated forms of many of the replication-dependent 
histone mRNAs in the Cstf2^^ cells, including genes from 
the H2A, H2B, H3, H4 and HI families (Figure 3 A and 
Supplemental Table S2). 

Similarly, we mapped the cleavage and polyadenylation 
(C/P) sites and their frequency in the wild type and Cstf2^^ 
ESCs by high-throughput 3' end poly(A) sequencing (A- 
seq, (34)). A-seq for the replication-dependent histones did 
not reveal changes in the locations of C/P sites in the 
Cstf2^^ cells compared to wild type ESCs (Figure 3B and 
Supplemental Table S3). However, in agreement with the 
RNA-seq data, we observed an increase in A-seq reads for 
some of the replication-dependent histone mRNAs in the 
Cstf2'^^ cells (Figure 3C, Supplemental Table S3). 

To assess polyadenylated histone mRNA levels directly, 
we used quantitative RT-PCR (qRT-PCR) to compare 
total histone mRNA levels (random oligo-primed) and 
polyadenylated histone mRNA levels (oligo(dT)-primed) 
for HistlhSc (H3). We observed increased expression of 
polyadenylated H3 in the Cstf2^^ cells compared to wild 
type cells, but no change in total H3 mRNA levels (Fig- 
ure 4B). To determine whether TCstF-64 played a role in 
this process, we knocked down Cstf2t. the gene that encodes 
TCstF-64 with a specific siRNA (Figure 4A, B). Depletion 
of TCstF-64 in the Cstf2^'' cells resulted in an even greater 
increase in the amount of polyadenylated H3 mRNA (Fig- 
ure 4B), whereas siRNA knockdown of TCstF-64 in wild 
type cells did not result in a change (Supplemental Figure 
S2). This suggested that the effect of TCstF-64 on histone 
mRNA processing did not become evident except when 
CstF-64 was reduced or missing. To test whether the ob- 
served increase in polyadenylated histone mRNAs was an 
artifact of the gene-trap insertion, we knocked down CstF- 
64 in wild type cells using siRNA specific for Cstf2 (Figure 
4C). Consistent with the Cstf2^^ ESCs, we observed a sig- 
nificant increase in polyadenylated H3 mRNA (Figure 4D). 
Finally, we expressed CstF-64 transiently in the Cstf2^^ cells 
(Figure 4E). Within 48 h of CstF-64 expression, we were 
able to completely reduce the abnormal polyadenylation 
of replication-dependent histone genes in the Cstf2^^ cells 
(Figure 4F). These results suggest a direct role for CstF-64 
and, in its absence, TCstF-64 in replication-dependent his- 
tone mRNA 3' end processing. 

CstF-64 is cell cycle regulated in wild type mouse ESCs and 
T CstF-64 is cell cycle regulated in both wild type and Cstfl^^ 
cells 

Loss of CstF-64 in mouse ESCs seemed to disrupt both 
proliferation and cell cycle, so we examined cell cycle pro- 
gression following synchronization of wild type and Cstf2^^ 
ESCs. After cells were released from nocodazole block, time 
points were taken every 2 h for 10 h; over 90% of wild type 
and Cstf2^^ ESCs (Figure 5A, B, 0 h) were synchronized in 
G2/M through Gi and into S phase. Compared to wild type 
cells (Figure 5A and B, 2-6 h), the Cstf2^^ cells displayed a 
delayed progression into S phase resulting in an increase of 
cells in Gi (Figure 5A and B, 2-6 h), suggesting that cell cy- 
cle changes in the Cstf2^^ cells were due to a block or delay 
in entry into S phase. 
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Figure 2. Loss of CstF-64 results in diminislied pluripotent state, decreased cell proliferation and disrupted cell cycle. Alkaline phosphatase staining of 
(A) WT ESCs, (B) CstJ2^^ ESCs and (C) WT ESCs cultured without LIE for 96 h, lOOX magnification. (D) Relative mRNA expression of the pluripotency 
regulators, PoiiSfl (Oct4), Nanog, K!f4 and Leftyl and (E) differentiation markers, T (Brachyury), OUg2 and Nkx6-3, representing mesoderm, ectoderm 
and endoderm germ layers, respectively. * denotes P < 0.05 and ** denotes P < 0.01. (F) Growth rate analysis of WT and Cstf2^^ ESCs. Cells were plated 
in triplicate and data points represent the average cell count. Standard deviation is also shown. The growth rates on days 3, 4 and 5 between the WT 
and Cstfl^^ ESCs were statistically significant at /■ < 0.05 using a one-tailed /-test. (G) Cell cycle analysis ofWT and Cstfl^^ ESCs stained with PI and 
analyzed using flow cytometry. For the cell cycle analysis, a two-tailed /-test was performed to obtain significance on triplicate samples. The P values for 
both Gi and G2/M phases is f < 0.05. 
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Figure 3. Increase in the polyadenylation of replication-dependent histone mRNAs in Cstfl^^ cells. (A) Fold change of the polyadenylated replication- 
dependent histones families in the Cstfl^^ ESCs versus wild type ESCs. Green bars indicate 2-fold or more down-regulation, red bars — 2-fold or more 
up-regulation and black bars no change (<2-fold) of the expression of the polyadenylated histone mRNAs. (B) Cleavage and polyadenylation sites in the 
replication-dependent histone H3 family. Alignment of the stem-loop region, 3' end processing cleavage site and downstream genomic sequences. Red 
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Table 1. GO terms derived from RNA-seq data in WT and Cstfl'^ ESCs 


GO ID 
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/"-value 


Enriched for downregulated genes 
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GO: 0006955 
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Cell adhesion 
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Metal ion transport 
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Enriched for upregulated genes 
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Figure 4. CstF-64 and TCstF-64 are necessary for normal 3' end pro- 
cessing of replication-dependent histone mRNAs. (A) Western blot anal- 
ysis of CstF-64 and TCstF-64 expression in WT (lane 1), Cstf2^^ ESCs 
transfected with scrambled siRNA (lane 2) and C'stfl^^ ESCs transfected 
with siRNA specific for Cstflt gene (lane 3). (B) Relative mRNA expres- 
sion analysis of polyadenylated and total HistlhSc histone mRNA in wild 
type ESCs (orange), Cstfl^^ cells transfected with scrambled siRNA (blue) 
or Cstf2^^ cells transfected with siRNA against Cstflt gene (brown). (C) 
Western blot analysis of CstF-64 and TCstF-64 expression in WT ESCs 
either transfected with scrambled siRNA (lane 1) or Cstfl gene specific 
siRNA (lane 2). (D) Relative mRNA expression analysis of polyadeny- 
lated and total HistlhSc histone mRNA in wild type ESCs transfected with 
scrambled (orange) or C.<itJ2 gene specific siRNA (blue). (E) Western blot 
analysis of CstF-64 expression in WT ESCs (lane 1), Cstfi^'' ESCs (lane 
2) and CstJ2^^ ESCs ectopically expressing CstF-64 (lane 3). (F) Corre- 
sponding relative mRNA expression analysis of polyadenylated and total 
HistlhSc histone mRNA. * denotes P < 0.05 and ** p < 0.01. 



Next, we examined expression of proteins associated with 
polyadenylation and histone mRNA 3' end processing in 
these synchronized cells. As a cell cycle marker, cyclin Bl 
levels were lowest at 2 h after release from nocodazole block 
and increased until 10 h post-block in both wild type ESCs 
(Figure 5C) and in CstJ2^^ cells (Figure 5D). However, cy- 
clin Bl expression in the Cstf2^^ cells seemed to be delayed 
compared to wild type cells, consistent with an increased 
cell cycle time (Figure 5C and D). 

CstF-64 varied throughout the cell cycle in ESCs, with 
lowest expression in G2 and peak expression in early S phase 
(Figure 5C), in agreement with earlier reports (38). TCstF- 
64 expression was similar to CstF-64 in wild type ESCs (Fig- 
ure 5C); that pattern did not change in Cstf2^^ cells (Fig- 
ure 5D) despite the overall increased TCstF-64 expression 
in these cells (Figure IB). This suggests that TCstF-64 is 



coupled to the cell cycle in the same manner as CstF-64 in 
both wild type and Cstf2^^ cells. CstF-77 expression was 
relatively unchanged throughout the cell cycle in both wild 
type (Figure 5C) and Cstf2^^ cells (Figure 5D), suggesting 
that both CstF-64 and TCstF-64 are cell cycle-regulated in 
wild type mouse ESCs, but that other polyadenylation fac- 
tors are not. 

Histone mRNA 3' end processing factors SLBP and 
FLASH are cell cycle regulated in ESCs, with peak expres- 
sion in early S phase (Figure 5C). These patterns do not 
change in Cstf2^^ cells (Figure 5D). However, while the 
expression of the H2A and H4 core histones throughout 
the cell cycle was similar between wild type and Cstf2^^ 
ESCs, the H3 histone family displayed differential expres- 
sion (Figure 5E). Histone H3 expression was consistently 
lower throughout the cell cycle in Cstf2^^ cells than in wild 
type ESCs (Figure 5E). 

CstF-64 is a component of the U7 snRNP complex in embry- 
onic stem cells 

The data presented above support the involvement of CstF- 
64 in replication-dependent histone mRNA 3' end pro- 
cessing. To address the mechanism of this involvement, 
we tested whether CstF-64 was a component of the his- 
tone mRNA 3' end-processing machinery. We isolated U7 
snRNP complexes from wild type or Cstf2^'' ESC nuclear 
extracts using a U7-complementary oligonucleotide (anti- 
U7) according to Yang et al. (15). Using this method, we 
found that FLASH bound to the anti-U7 oligonucleotide 
but not to the anti-mock oligonucleotide in extracts from 
wild type ESCs (Figure 6A, lanes 3 and 5). This demon- 
strated enrichment of U7-containing histone mRNA 3' 
end processing complexes. Similarly, we found FLASH in 
Cstfi^^ cell extracts with the anti-U7 oligo but not with the 
anti-mock oligo, suggesting that the histone mRNA 3' end- 
processing complex forms in cells lacking CstF-64 (Figure 
6, lanes 4 and 6). Symplekin, CPSF-160, CPSF-100, CPSF- 
73 and CstF-77 were also associated with the U7 snRNA 
in wild type ESC and Cstf2^^ cell extracts, whereas CstF-50 
did not seem to be associated (Figure 6A, lanes 3 and 4). 

T CstF-64 is recruited to the U7 snRNP complex in the ab- 
sence of CstF-64 

We did not detect TCstF-64 associated with U7 in extracts 
from wild type ESCs (Figure 6A, lane 3). However, we ob- 
served considerable recruitment of TCstF-64 to the histone 
mRNA 3' end-processing complex in the Cstf2^'' cell ex- 
tracts (Figure 6 A, lane 4). This suggests that TCstF-64 can 
participate in some of the non-polyadenylation functions of 
CstF-64 in the absence of the latter. More specifically, CstF- 
64 is recruited to the U7 snRNP complex in mouse ESCs 
along with other proteins involved in the polyadenylation 
process, but TCstF-64 can be recruited to the complex only 
when CstF-64 is not present. 

Components of the U7 snRNP complex and histone mRNAs 
are associated with CstF-64 in embryonic stem cells 

To further confirm that CstF-64 associates with the his- 
tone mRNA 3' end-processing complex, we performed im- 
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Figure 5. CstF-64 is required for S-phase entry and histone expression. (A) Cell cycle analysis of WT and Cstf2^^ ESCs mitotically synchronized (0 h) with 
nocodazole and subsequently released for 10 h in 2 h time points (2-10 h). Cells were stained with PI and analyzed using flow cytometry. (B) Corresponding 
percentages of synchronized and released WT and Cstfl^^ ESCs in the cell cycle phases, Gi (orange), S (blue) and G2/M (brown). (C, D) Western blot 
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WT and Cs{f2^^ ESCs that were released for 10 h post block. Cyclin Bl expression indicates G2/M phase transition. (E) Comparative western blot analysis 
of the core histone families, H2B, H3 and H4 in mitotically synchronized WT and Cstf2^^ ESCs. 



munoprecipitation from wild type ESC and Cstf2^^ cell ex- 
tracts using an anti-CstF-64 antibody (Figure 6B), and then 
probed the precipitate with a radiolabeled probe for the U7 
snRNA (Figure 6C). Immunoprecipitation with anti-CstF- 
64 enriched CstF-64 from wild type ESC extract (Figure 6B, 
lane 3) but not from the Cstf2^^ cell extract (lane 4), as ex- 
pected. Correspondingly, the U7 snRNA was found in im- 
munoprecipitates from the wild type ESC extract (Figure 
6C, lane 3, top panel) but not in the Cstf2^^ extract (lane 
4, top panel). To test whether the interaction of CstF-64 
and U7 snRNA was functional, we probed for histone H3 
mRNA. Histone H3 mRNA was found in immunoprecip- 
itates from the wild type ESC extract (Figure 6C, lane 3, 
bottom panel) but not from the Cstfl^^ extract (lane 4, bot- 
tom panel). These data demonstrate that CstF-64 associates 
with the U7 snRNP within the replication-dependent his- 
tone mRNA 3' end-processing complex. 

It has been shown that both CstF-64 and symplekin 
are necessary to Hnk FLASH and Lsmll with the other 
polyadenylation factors in the histone mRNA 3' end pro- 
cessing complex (15,18). Since TCstF-64 is recruited to the 
complex in the absence of CstF-64, we tested whether it in- 
teracted with symplekin by co-immunoprecipitation in the 
wild type and Cstf2^'^ cells. Using an anti-symplekin anti- 
body, we enriched for symplekin in both wild type ESCs and 
Cstf2^^ cells (Figure 6D). CstF-64 was also enriched in the 



IP fraction in wild type cells, suggesting a robust interac- 
tion between the two proteins. In contrast, we did not ob- 
serve the same strong interaction of symplekin with TCstF- 
64 in wild type and Cstf2^^ cells (Figure 6D, lanes 3, 4), 
suggesting that TCstF-64 does not interact with symplekin 
like CstF-64, and further suggests a different recruitment 
mechanism for TCstF-64 to the U7 snRNP complex. 

DISCUSSION 

The therapeutic use of embryonic stem cells requires a fun- 
damental understanding of features of the stem cells that 
promote pluripotency, self-renewal and differentiation. The 
lack of R point in the ESC cell cycle appears to be a dis- 
tinctive feature of these cells, and suggests reliance on other 
Gi /S phase regulation mechanisms. The abbreviated cell cy- 
cle observed in ESCs is thought to maintain stem cell iden- 
tity through a shortened Gi phase that acts as a block- 
ade for pro-differentiation signals (1-5). Uniquely, ESCs 
traverse the Gi/S phase transition by regulating expres- 
sion of replication-dependent histones (4,6,41), and specific 
histone genes are associated with pluripotency (8). Here, 
we show that CstF-64 is required for the maintenance of 
pluripotency and cell cycle progression in mouse ESCs. In 
the absence of CstF-64, ESCs grow more slowly, undergo 
partial differentiation and display an altered cell cycle. As a 
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and CstJ2^^ (lane 4) ESCs protein lysates. IP precipitates from wild type 
and C.itf2^ ESCs were probed for interaction with CstF-64 and TCstF-64 
as indicated. 



potential driver for these changes, we observed an increase 
in the expression of processed histone mRNAs and a re- 
duction in expression of key histones, resulting in a delay 
in entering S phase. We further showed that CstF-64 is a 
component of the histone mRNA 3' end-processing com- 
plex in ESCs. In the absence of CstF-64 in these cells, the 
paralogous protein TCstF-64 is incorporated into the com- 
plex, and polyadenylation of histone mRNAs is observed. 
Therefore, an important role of CstF-64 in ESCs appears to 
be suppression of polyadenylation in histone mRNA 3' end 
processing while favoring U7-directed cleavage. This role of 
CstF-64 may also regulate the cell cycle at the Gi/S phase 
transition, although that mechanism is not yet understood. 

Initially, we were quite surprised that the Cstf2^^ cells 
could continue to grow without detectable CstF-64. Stud- 
ies in non-mammalian species showed that Cstf2 was essen- 
tial for viability and growth (39,43,44), and we expected the 
same in ESCs. However, ESCs also express TCstF-64 (Fig- 
ures 1 and 3, and (24)), which suggests that TCstF-64 can 
take on some of the functions of CstF-64 in the Cstf2^^ cells. 
However, TCstF-64 does not perfectly complement CstF-64 
function, since the Cstf2^^ cell phenotype differs from that 
of wild type ESCs. The primary function of TCstF-64 is to 
support spermiogenesis (25,26,45). These new results sug- 
gest that, while TCstF-64 can support some of the functions 



of CstF-64, it is not optimal to support all those functions. 
This further suggests that there are germ cell functions of 
TCstF-64 still to be discovered. 

We were also surprised that loss of CstF-64 resulted in 
increased polyadenylation of replication-dependent histone 
mRNAs, decreased pluripotency and changes in the ESC 
cell cycle due to defects in the transition into S phase. 
Studies in non-pluripotent cells have demonstrated multiple 
roles for CstF-64 in mRNA processing, including roles in- 
volving 3' end definition and intron binding (24,36). Similar 
wide-ranging functions have been associated with TCstF- 
64 in germ cells (46). Roles for CstF-64 in histone mRNA 
processing have been demonstrated, including participa- 
tion of CstF-64 in the histone mRNA 3' end processing 
complex (15,17-19) and changes in histone mRNA abun- 
dance in cells having reduced CstF-64 (35). Ironically, our 
results suggest that at least one role of CstF-64 is to pre- 
vent polyadenylation of histone mRNAs while promoting 
stem-loop 3' end processing. 

Previous studies demonstrated that depletion of proteins 
involved in histone mRNA 3' end processing and transcrip- 
tion, including cyclin-dependent kinase 9 (CDK9), RING 
finger protein 20 (RNF20), RNF40, NPAT/p220, negative 
elongation factor-E (NELF-E), U7 snRNA and SLBP re- 
sulted in an increase in the level of polyadenylated histone 
transcripts (10,47-50). Furthermore, inhibition of DNA 
replication stimulated the production of polyadenylated hi- 
stones as well as a Gi arrest (10,12). Similarly, reduction 
of the core replication-dependent histone mRNA process- 
ing components, LsmlO, Lsml 1 and ZfplOO result in an in- 
crease of cells in Gi phase due to a partially inactive U7 
snRNP (40). This implies that the role of CstF-64 in his- 
tone mRNA 3' end processing may involve specific inter- 
actions with symplekin, FLASH and Lsml 1 within the U7 
snRNP complex (15,17,18,35). We hypothesize that the de- 
creased expression of histone proteins is the result of in- 
creased polyadenylation of histone mRNAs in the Cstf2^^ 
cells (Figure 3A), and thus explains the cell cycle changes 
observed there. The apparent lack of change in H2A and 
H4 histone levels may be due to the broad specificity of the 
antibodies used. 

We found that CstF-64 interacts more strongly with sym- 
plekin than does TCstF-64 (Figure 6D) (24). Others have 
shown that the CstF-64/symplekin interaction is essential 
to link FLASH and Lsml 1 with the other CPSF factors 
in the histone mRNA 3' end-processing complex (15,18). 
Based on these data, we propose a model in which inter- 
action of CstF-64 with symplekin inhibits the polyadeny- 
lation of replication-dependent histone mRNAs in wild 
type ESCs, supporting both pluripotency and progression 
through the histone cell cycle checkpoint into S phase while 
suppressing differentiation. Our data also demonstrate a 
stronger recruitment of certain CPSF and CstF factors to 
the replication-dependent histone mRN A 3' end processing 
complex in the absence of CstF-64, including CPSF- 100, 
CPSF- 160 and CstF-77 (Figure 6A). The increased recruit- 
ment of these factors in the Cstf2^'^ cells could result in a 
U7 snRNP complex that favors polyadenylation of histone 
mRNAs instead of the usual histone stem loop processing 
(Figure 7). 
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Figure 7. Schematic representation of how depletion of CstF-64 increases polyadenylation of replication-dependent histone mRNAs and modulates the 
cell cycle in ESCs and therefore pluripotency. The panel on the left describes the histone mRNA 3' end processing complex in wild type ESCs. On the right: 
modified histone mRNA 3' end processing complex in the Cstf2^^ (CstF-64 knockout) cells. Histone mRNA cleavage occurs in wild type mouse ESCs due 
to interactions of the U7 snRNP with the histone mRNA downstream element (left panel). Other proteins involved in mRNA polyadenylation further 
associate with the complex, including CstF-64 and symplekin. The complex promotes site-specific cleavage of the histone mRNA by CPSF-73. Together, 
these processes correlate with normal entry into S-phase and pluripotency. In normal ESCs, a small amount of these cleaved transcripts are polyadenylated. 
In Cstfl^^ cells (right panel), CstF-64 is absent, resulting in recruitment of t CstF-64 to the histone 3' end processing complex (although t CstF-64 interacts 
more poorly with symplekin). This results in an increase in polyadenylation of the cleaved histone transcripts, presumably by poly(A) polymerase (R\P). 



Further reduction of t CstF-64 in the Cstf2^'^ cells re- 
sults in a greater degree of polyadenylated histone mR- 
NAs (Figure 4A). This suggests that the default processing 
of histone mRNAs is polyadenylation, and that entry into 
the histone stem-loop processing pathway requires CstF- 
64. A similar alternative pathway to polyadenylation ap- 
pears to be present in Drosophila replication-dependent hi- 
stone mRNAs (51-53). Mammalian testis histone variants 
are also polyadenylated (54,55) as are histone mRNAs in 
yeast (56), demonstrating that this mechanism is ancient 
and conserved (57,58). 

LIF withdrawal results in a lengthening of Gi phase 
which occurs prior to the appearance of lineage-specific 
markers (2). In addition, cell-fate decisions are tightly as- 
sociated with cell cycle machinery and length of Gi phase 
(1). Our data demonstrate a role for CstF-64 regulating the 
length of the Gi phase, consequently allowing the induc- 
tion of differentiation and decreased pluripotency of the 
Cstf2^^ cells possibly through the histone-dependent cell cy- 
cle checkpoint in mouse ESCs. We speculate that this check- 
point may coexist with the cyclin-based mechanisms in non- 



ESCs. For example, reduction of CstF-64 in an avian cell 
line blocked those cells from entering S phase (39), support- 
ing the role of CstF-64 in Gi/S checkpoint control. Our 
own unpublished experiments show similar results in sev- 
eral somatic cell lines (not shown). However, an opposite 
effect — increase in S and G2/M phases at the expense of 
Gi — was noted when CstF-64 and TCstF-64 were knocked 
down in HeLa cells (35). This suggests that CstF-64 may be 
involved in both ESC and somatic cell cycle control, proba- 
bly through distinct mechanisms. Reduced levels of CstF-64 
in G2/M (Figure 4) may further hint at a role for that pro- 
tein in G2 or metaphase checkpoints (38). 

Finally, loss of Cstf2 results in partial, though incomplete 
and undirected differentiation of ESCs. While this pheno- 
type can be attributed to changes in histone dynamics re- 
sulting in changes to the hyperactive chromatin state or cell 
cycle, it is also likely that CstF-64 is required for expres- 
sion of genes involved in specific differentiation pathways. 
This conclusion is supported by the reduction in pluripo- 
tency markers and the increase in ectodermal and endoder- 
mal, though not mesodermal markers (Figure 2). In other 
experiments, we have been able to differentiate Cstf2^^ cells 
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toward ectodermal and mesodermal, but not endodermal 
endpoints (B. A. Y., C. C. M., manuscript in preparation), 
suggesting that the different developmental lineages have 
markedly different requirements for CstF-64. 

SUPPLEMENTARY DATA 

Supplementary Data are available at NAR Online. 
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